In subject of hardware in the loop (HIL) and power hardware in the loop (PHIL) systems, a part of system is a real physical subsystem and another subsystem is simulated in the processor. This paper discusses this concept for a synchronous generator and chooses the best options for different parts of software side for its PHIL implementation. The PHIL system is simulated in Matlab/Simulink environment and results are validated using Matlab synchronous generator block as reference system. Also, different disturbances are applied to reference and simulated systems and the results are compared. The results show synchronous generator internal and external variables are emulated correctly by realized PHIL.
Introduction
Due to need for investigating different phenomenon of synchronous generators, various tests should be conducted on it. Using a real synchronous generator in this situation is not only very costly, but also it requires big Labs and special equipments, like prime mover, cooling system, excitation system and also protection devices. Another solution of this problem and also other similar ones comes across to the hardware in the loop (HIL) concept. The HIL is used in different areas specially in power electronics systems, and it is divided into two main categories [1] :
 Control hardware in the loop (CHIL)  Power hardware in the loop (PHIL) The CHIL is referred to the interaction of a hardware and a software which very low power signals are transmitted between them, but PHIL is accompanied with amplified signals which are generated by software and feeding them to hardware under test (HUT. The HIL uses an in software running model (ISRM) to transfer signals with HUT. It means that HIL has two main parts in CHIL and three in PHIL. ISRM and HUT are two common main parts and signal amplifier is third part used in PHIL [2] . ISRM which eliminates the hardware need for a costly and complicated system like synchronous generator, is mainly using a microcontroller to receive inputs from HUT output ports and solve system equations and generate output signals in real time. As an example consider a case of PHIL, in which a real 3kW load is fed by a synchronous generator. In this case the synchronous generator equations are the ISRM, closed loop controlled voltage sourced converter (VSC) is the amplifier and the load is the HUT. In [3] , nonlinear loads in PHIL case, has been presented. The ISRM is in a digital signal processor, its amplifier is a voltage sourced inverter and HUT is also an inverter. In [4] , another case of PHIL with nonlinear load has been presented. [5] has used a system of converters with the capability of regeneration, to develop a PHIL implementation of wind power generation and consumption substation. A combined power system distributed generation resources have been emulated in [6] , using two voltage sourced converters as amplifier and a digital signal processor to model the ISRM. A diesel generator has been emulated and presented in [7] that its ISRM just includes stator and field windings, and other features have not been included.
The HIL testing has important advantages such as preventing testing damages, reducing cost of test and ease of implementation compared to fully real hardware test.
The aim of this paper is to realize a PHIL model for emulating synchronous generators using VSCs, to use in microgrid studies. Main parts in a PHIL system are determined and applied to this specific issue. A full order and computationally optimized model is used for synchronous generator which is implemented in an embedded function block in Matlab/Simulink, playing the role of a microcontroller. A VSC is used as amplifier and modelled and controlled in Simulink environment. A fully analytical procedure is used to decuple and control amplifier parts multi-input multi-output (MIMO) system. Then, connecting these two parts to each other (synchronous generator embedded block providing inverter closed loop signals) make the synchronous generator emulator, and a HUT (like a three phase resistive load) connected to it, forms the power system. The load in the future will be replaced with a microgrid to study different phenomenon in microgrid. Such a work has been done in [8] . This microgrid is shown in Fig.1 .The designed synchronous generator emulator is validated using Matlab/Simulink synchronous generator block as a reference model, by applying disturbances to it and simulated PHIL, and comparing the results. 
Model Realization
For modelling synchronous generator emulator, realizing before mentioned three parts and depicted in fig.2 , is essential.
Fig.2: Typical PHIL system main parts
The HUT is a 3kW and three phase real load. The amplifier is a closed loop controlled three phase inverter which its reference is output signals of digital to analogue converter obtained from digitally solved ISRM.The ISRM is a nonlinear set of equations which are referred to voltage behind reactance (VBR) model for synchronous generator. Fig. 3 
Fig.3 :detailed diagram of synchronous generator emulator
As can be seen in this figure, main power is utilized for feeding the PHIL amplifier, voltage sourced converter, and the filter is placed between inverter (amplifier) and the load (HUT) to mitigate switching harmonics of controlled output voltage. First part codes in DSP(numbered by 3 in fig.3 ), which will be modelled as Matlab embedded function, is related to mentioned VBR model (see section 3). The region which is numbered by 2, is also related to amplifier. This is digital implementation of closed loop control algorithm for inverter which will be discussed in detail in section 4. Section 5 simulates and validates the PHIL implementation for synchronous generator using Matlab synchronous generator block. 
VBR Model
. The mechanical equations of the VBR model is presented by (6) . The stator equation can be considered as two separate sets, the first one is in abc frame and does not need any transformation, and second one is a transformation of subtransient voltages equations solved in d-q coordinate. Note that rotor equation are linear first order differential equations and will be solved in state space form.
PHIL amplifier and Its control
A voltage sourced two level three phase inverter is dedicated to voltage amplification and power generation in synchronous generator emulator PHIL system. Since synchronous generator will be considered as frequency dictator in the grid and it is assumed that there is no other generator, then this inverter, as PHIL amplifier, will be a standalone inverter which should determine frequency. On the other hand, the output voltage of the inverter is the generators emulator output voltage, leading to inverter output voltage control necessity. Then the inverter voltage and frequency should be controlled. Fig.4 shows the inverter and its main feedback, transformation and control signals [10] . As it is evident from Fig.4 , the core of the control system is a current control loop and the outer voltage loop is used for main control variable. First of all, it is important to understand inner current control loop. Writing core system equations in abc frame and then transforming them into d-q frame leads to Equations (7) and (8) By adding capacitor to the system output, the following equation can show the relation among load current ( L i ), current controlled system current ( i ) and output voltage (V ).
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Appling d-q transformation to (10) leads to (11) and (12), which are similar to (7) and (8) in terms of coupling and constructing MIMO system. This is also shown in fig.7 .
Fig.7: Coupling between d and q axises in voltage loops
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The same as the current control loop, a feed forward decoupling method is used for decoupling d and q axis voltage control, and a part of load current is added to the current reference to make the load dynamic independent of the voltage control system. This final control system is shown in fig.8 . It is worth noting that decoupling is not completely achieved with this method and writing fig.8 equations clarifies condition for fully decoupling of axises [9] .. The PI controllers with loop shaping are designed for voltage loop in fig.9 and a 53 degree phase margin can be achieved for the closed loop system.
Simulations and Validation
In this section, the VBR model is coded in an embedded function block in Simulink environment. The VBR equations are discretized using trapezoidal rule. The parameters of 3.7 kW and 4 pole synchronous generator are summarized in Table I and used in simulations. fig.10 . The left side in fig.10 is named the VBR model, which consists of the VBR model embedded function and a speed control loop which simulates the microcontroller. The right side of this figure has three parts shown in blue, red and green. The green part is d-q and q-d transformations. The red part is the inverter control section, and blue part is the inverter (PHIL amplifier) and load (HUT).
In the first simulated scenario, there are two disturbances at t=4s and t=7s, respectively. First disturbance is a field voltage 0.3pu increase, and the second one is load resistance decrease to half of its value. Fig.11 shows the electrical speed deviation due to these disturbances.
The load angle of generator is also compared in fig.12 , for Simulink PHIL implementation, and Matlab synchronous generator block. At t=4s, following to filed voltage increase, the load angle has no change, approximately, in both reference and introduced system. At t=7s, when the load resistance decreases and its power goes up for constant voltage, the load angles increases, which is reasonable. The electrical torque, is compared in fig.13 . It is observable that electrical torque has been increased in response to field voltage increase, and it exactly follows the reference system. The voltage waveform is also coinciding in the output of reference and PHIL Simulink implementation. This is shown in fig.13 at t=7s. 
Conclusion
In this paper, different parts of a PHIL system have been introduced and applied to synchronous generator. These different parts, including ISRM (in software running model), amplifier and its controller, and HUT (hardware under test) have been theoretically analysed and chosen for simulations. The whole PHIL system has been simulated in Matlab/Simulink and results have been validated using Matlab synchronous generator block showing this method containing specified elements is the most proper method to implement synchronous generator emulator.
